Abstract: Livestock production is among the most rapidly growing sectors of the agricultural economy driven primarily by growing demand for animal protein, but also posing significant waste disposal issues and environmental impacts. Moreover, opportunities exist for utilising animal waste at the farm level for heat and power generation (thermal conversion) which can contribute to economic sustainability and also provide a bio-fertiliser for soil amendment. The present study is focused on energy and nutrient recovery from poultry litter using a thermochemical conversion technology (fast pyrolysis). The formation of products (gases, biochar and bio-oil) during the fast pyrolysis of poultry litter was experimentally investigated in a laboratory-scale bubbling fluidised bed reactor. Pyrolytic gases accounted for 15-22 wt.% of the product. The carbon content in biochar increased from 47 to 48.5 wt.% with an increase in the pyrolysis temperature. Phosphorous and potassium recovery in the biochar were over 75%, suggesting that it could be used as an organic soil amendment. The high ash content in poultry litter (14.3 wt.%) resulted in low bio-oil and high biochar yield. The bio-oil yield was over 27 wt.% with a higher heating value of 32.17 MJ/kg (dry basis). The total acid number of the bio-oil decreased from 46.30 to 38.50 with an increase in temperature. The nitrogen content in the bio-oil produced from the poultry litter (>7 wt.%) was significantly higher compared to bio-oil produced from the wood (0.1 wt.%).
Introduction
According to the European Environmental Agency (EEA) greenhouse gas emissions in the EU-28 in 2015 were 4452 million tonnes CO 2 equivalent and the share from the agriculture sector was 11.3%, mainly from ruminants [1] . In the EU, poultry meat production has increased by 11% in a single decade (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) reaching over 12 million tonnes of poultry meat in 2015, and it is expected to rise by another 6% by 2025 [2] . Among the different meat segments, the growth rate of poultry meat is predicted to have the highest development globally in the near future. In order to cope with the increased demand for poultry meat, intensive poultry farming is required. However, intensive livestock production generates significant waste disposal issues and environmental impacts. The estimated accumulation of animal manure in the EU is approximately 1.4 billion tonnes/year and the share of poultry litter is about 7.9% [3] . Traditionally, poultry litter which includes manure, bedding material, egg shells, feathers, based on the availability of resources and the desired output [17] . Recently, an experimental analysis of slow pyrolysis of poultry litter was investigated at different temperatures using a laboratory-scale fixed-bed reactor. The pyrolytic gases evolved were estimated to be energetically adequate for the process to be self-sufficient. The energy transfer analysis showed that one-third of the heating value of the poultry litter was transferred to the organic liquid condensate and roughly the same was retained in the char. In this study, the maximum fraction of liquid condensate that could be upgraded to liquid biofuels was reported to be obtained at 550 • C [18] .
The biocrude oil produced from fast pyrolysis of poultry litter is less acidic (pH values between 3.6-6.3) and with a higher calorific value (26-30 MJ/kg) compared to hardwood biocrude oil (23 MJ/kg). The higher calorific value and nitrogen content in the biocrude oils produced from poultry litter were due to the protein and nitrogen contents, respectively, in the raw poultry litter [19] [20] [21] . Nevertheless, biocrude oils produced from poultry litter are viscous and unstable compared to fossil derived petroleum fuels [19, 22] . Biochar produced from poultry litter can also be used as a source for the preparation of activated carbon [23] . Several other batch and fixed-bed pyrolysis experiments were conducted for bio-oil production using a wide variety of feedstocks such as poultry industry waste [24] , swine manure [25] , food waste [26] and other agricultural and urban organic waste for biochar production [27] .
Several fixed-bed and batch pyrolysis studies have been carried out on poultry litter and they validated its potential for sanitation and waste-to-energy valorisation. However, the results obtained from batch pyrolysis units cannot be used for up-scaling and design purposes. In contrast, relatively few studies have focused on fast pyrolysis of poultry litter in a fluidised bed reactor due to the high ash and moisture contents. The present study proposes a small-scale fluidised bed fast pyrolysis unit operating at relatively low temperature as a safe and economical way of disposing of poultry litter. The aim of this study is to explore the suitability of poultry litter as an alternative feedstock in fast pyrolysis for bio-oil production. Furthermore, the outcome of this work can be helpful in the design, scale-up and deployment of poultry litter-based pyrolysis units at farm level for combined heat and power generation and to make the poultry farms self-sufficient in energy. This work investigated the technical feasibility of fast pyrolysis processing of poultry litter as well as assessing the potential utilisation of the evolved gases and biochar (potential source of organic nutrients).
Materials and Methods

Materials
Poultry litter was collected from a Finnish poultry farm where it had been stored in an enclosed container before subsequent drying and pelleting. Peat was used as the bedding material. The poultry litter tested in this study was supplied by Biolan Finland as a 0.50 mm diameter and 0.98 mm long pellet. The poultry litter samples were transferred in sealed polyethylene bags to the laboratory and prepared according to BS EN 14780:2011 [28] . Moisture content of the poultry litter was measured according to BS EN 14774-3:2009 (105 • C) [29] , whereas ash and volatile matter were determined in accordance with BS EN 14775:2009 (550 • C) [30] and BS EN 15148:2009 (900 • C) [31] , respectively. Fixed carbon content was calculated by difference. The moisture and ash contents were 8.50% on as received (ar) and 14.30% dry basis (db), respectively. The higher heating value (HHV) of the poultry litter and the produced biochar was measured using an adiabatic oxygen bomb calorimeter as per BS EN 14918:2009 [32] . The ultimate, proximate and calorific value of the poultry litter are presented in Table 1 . Based on its elemental composition, the poultry litter can be represented by an empirical formula CH 1.54 O 0.57 N 0.08 (db). The elemental composition (C, H, N and S) of the poultry litter was determined using a Variomax elemental analyser with the oxygen content calculated by difference. Chlorine content in poultry litter, biochar and liquid products was measured according to the CEN/TS 15408:2006 protocol [33] . Considering the high ash content, the elemental composition of poultry litter ash was also analysed prior to the experiment by inductively coupled plasma (ICP) and the results are presented in Table 2 . The higher concentration of potassium and phosphorous in poultry litter ash indicates its fertilising potential. 
Experimental Facility and Test Procedure
The fast pyrolysis experiments were carried out in a laboratory-scale bubbling fluidised bed reactor within the Biomass Research Infrastructure for Sharing Knowledge (BRISK2) EU-H2020 framework project at the Technical Research Centre of Finland (VTT) at atmospheric pressure. The experimental facility consisted of a hopper, twin screw feeder, bubbling fluidised bed reactor, cyclones, coolers and an electrostatic precipitator to recover bio-oils and aqueous condensate, as shown in Figure 1 . The reactor had a diameter of 52 mm and a height of 570 mm. The temperature of the reactor was maintained by an external heat source (electric heaters). Elutriated char particles and bed material were recovered with two cyclones from the hot vapour stream before entering the liquid recovery unit. The product vapours were condensed in three coolers and an electrostatic precipitator. A detailed description of the experimental facility can be found elsewhere [34] . liquid recovery unit. The product vapours were condensed in three coolers and an electrostatic precipitator. A detailed description of the experimental facility can be found elsewhere [34] . Aluminium oxide (Al2O3) was used as the bed material with a particle size in the range of 0.5-0.7 mm. In order to avoid the influence of accumulated ash from the previous experiments, fresh Al2O3 (300 g) was used in the reactor for each test. Nitrogen was used as the fluidising medium and its flow rate was kept at 34 L/min during the entire test run. The fluidising medium was heated to 448 °C before being fed into the reactor. Fast pyrolysis is normally carried out at a moderate temperature of ~500 °C, and at high heating rates and short vapour residence times in order to maximise the yields of liquid products. The authors proposed an optimal temperature window for the fast pyrolysis process between 450-550 °C [35, 36] . These conditions are suggested to prevent (i) the primary decomposition products from being thermally or catalytically cracked to smaller non-condensable gas molecules by the presence of char and (ii) polymerisation of the primary products to char (precursors) [37] . The elevated temperature which normally favours thermal cracking and steam reforming reactions of bio-oil during thermochemical conversion could have an adverse impact on the bio-oil yield and was the primary reason for choosing the low temperature window in this study. A temperature of 450 °C, is the minimum temperature for fast pyrolysis, as temperatures below this are considered intermediate or slow pyrolysis processes where the targeted product is char. Following the guidelines of the optimal temperature range proposed, in this study, experiments were planned and conducted at two different temperatures (460 and 530 °C) while keeping the same fluidisation velocity in the bed. The calculated vapour residence times were 0.9 and 0.7 s at the reactor operating temperatures of 460 and 530 °C respectively. Poultry litter was continuously fed into the reactor using a twin-screw feeding system. The fuel feeding rates were 0.96 and 0.88 kg/h. The duration of each test was approximately 3 h. Several bio-char and gas samples were collected during this period and their averaged values are reported as the corresponding standard deviations were less than 3%. Non-condensable gaseous products were measured online while gas samples were also collected for off-line analysis using micro gas chromatography (GC). Nevertheless, both the offline gas samples and the online micro GC analyses gave similar gas compositions.
Measurement Methods
Gas analyses: The major gaseous components (CO, CO2 and CH4) were determined continuously using a near-infrared (NIR) method. A zirconium-based oxide cell was used to detect oxygen content. Gas samples were collected during the experiments and were analysed by a GC equipped with a thermal conductivity and flame ionisation detector. The GC was calibrated with a Aluminium oxide (Al 2 O 3 ) was used as the bed material with a particle size in the range of 0.5-0.7 mm. In order to avoid the influence of accumulated ash from the previous experiments, fresh Al 2 O 3 (300 g) was used in the reactor for each test. Nitrogen was used as the fluidising medium and its flow rate was kept at 34 L/min during the entire test run. The fluidising medium was heated to 448 • C before being fed into the reactor. Fast pyrolysis is normally carried out at a moderate temperature of 500 • C, and at high heating rates and short vapour residence times in order to maximise the yields of liquid products. The authors proposed an optimal temperature window for the fast pyrolysis process between 450-550 • C [35, 36] . These conditions are suggested to prevent (i) the primary decomposition products from being thermally or catalytically cracked to smaller non-condensable gas molecules by the presence of char and (ii) polymerisation of the primary products to char (precursors) [37] . The elevated temperature which normally favours thermal cracking and steam reforming reactions of bio-oil during thermochemical conversion could have an adverse impact on the bio-oil yield and was the primary reason for choosing the low temperature window in this study. A temperature of 450 • C, is the minimum temperature for fast pyrolysis, as temperatures below this are considered intermediate or slow pyrolysis processes where the targeted product is char. Following the guidelines of the optimal temperature range proposed, in this study, experiments were planned and conducted at two different temperatures (460 and 530 • C) while keeping the same fluidisation velocity in the bed. The calculated vapour residence times were 0.9 and 0.7 s at the reactor operating temperatures of 460 and 530 • C respectively. Poultry litter was continuously fed into the reactor using a twin-screw feeding system. The fuel feeding rates were 0.96 and 0.88 kg/h. The duration of each test was approximately 3 h. Several bio-char and gas samples were collected during this period and their averaged values are reported as the corresponding standard deviations were less than 3%. Non-condensable gaseous products were measured online while gas samples were also collected for off-line analysis using micro gas chromatography (GC). Nevertheless, both the offline gas samples and the online micro GC analyses gave similar gas compositions.
Gas analyses: The major gaseous components (CO, CO 2 and CH 4 ) were determined continuously using a near-infrared (NIR) method. A zirconium-based oxide cell was used to detect oxygen content. Gas samples were collected during the experiments and were analysed by a GC equipped with a thermal conductivity and flame ionisation detector. The GC was calibrated with a gas mixture containing a specified gas concentration prior to use. Since nitrogen was used in the experiments for fluidising the bed, the amount of nitrogen fed to the reactor for fluidising the bed (Al 2 O 3 ) was measured with a flow meter. Based on the amount of nitrogen fed into the reactor and the nitrogen composition measured by GC, the total amount of gases could be calculated. The amount of nitrogen Sustainability 2019, 11, 2533 6 of 17 in the total gas accounted for 93-95%, whereas the composition of the gas reported in the paper was based on a nitrogen free basis. The compositional analyses of gaseous product were used for material balance calculation.
Biochar analyses: Biochar samples were collected from the cyclones at one hour intervals. Unconverted carbon (biochar) collected from cyclones was weighed to calculate the total biochar yield. The recovered biochar was further analysed for heating value, trace inorganic elements and elemental composition.
Liquid analyses: The condensable vapours were collected from the three coolers and an electrostatic precipitator. The liquid product obtained was removed from the condensers at the end of the experiment. Physical characterisation of the liquid product was carried out by employing modified standard methods [38] . Before liquid analyses, product liquids collected from the first cooler and electrostatic precipitator was combined. The product liquid collected from the second and third coolers had very high moisture contents and were therefore analysed separately. Moisture content was determined by Karl Fischer titration using a Metrohm 795 KFT Titrino titrator (ASTM E 203). The elemental composition (CHN) of bio-oil was determined by an Elementar Variomax CHN analyser (ASTM D 5291), whereas the HHV was measured using an IKA Werke C 5000 Control calorimeter (DIN 51900). Total acid number (TAN) was determined titrometrically using a 785 DMP Titrino analyser (ASTM D 664).
The chemical composition of the bio-oil was determined by solvent fractionation. This consisted of separating the bio-oil into water-soluble and insoluble fractions by extraction with water. The water-soluble fraction was subsequently extracted with diethyl ether giving an ether-soluble and ether-insoluble (sugar-like material) fraction. The water-insoluble material was extracted using dichloromethane (DCM) providing a DCM-soluble fraction containing low molecular mass (LMM) lignin and a DCM-insoluble fraction containing high molecular mass (HMM) lignin. The LMM material contains lignin monomers, dimers (MM = 400 Da) and extractives with poor solubility in water, while the HMM fraction contains powder-like high molecular mass (MM = 1050 Da), lignin-derived material and solids. Figure 2 shows the product yield of non-condensable (pyrolytic) gases, biochar and organic liquid produced during the fast pyrolysis process of poultry litter in a bubbling fluidised bed reactor. The quantities of organic liquid, biochar and pyrolytic water were determined gravimetrically while the non-condensable gases were quantified based on their elemental composition. Biochar is defined as the non-volatile solid residue of pyrolysis collected from the cyclones. The condensable product (bio-oil) was collected from the coolers. It is imperative to stress that the product distribution from poultry litter was unusual. Normally, in fast pyrolysis, the yield of liquid bio-oil exceeds that of the biochar, whereas fast pyrolysis of poultry litter resulted in a low liquid and high biochar yield, possibly due to the high ash content in the feedstock.
Results and Discussion
Influence of Temperature on Pyrolysis Product Distribution and Mass Balance
It is evident from Figure 2 that the yield of gases (from 14.64 to 21.93 wt.%) and organic liquids (from 23.18 to 27.62 wt.%) increased with an increase in reactor temperature, whereas the biochar yield did not show significant variation. The increase in the fraction of pyrolysis gas was mainly due to the improved solid-to-gas phase conversion process at an elevated temperature. Furthermore, at higher temperatures, an increase in the condensable hydrocarbons was observed due to the light hydrocarbons being transformed into secondary, tertiary and more stable compounds. Moreover, there is no observable change in the biochar yield which indicates that the product is stable and free from volatile matter. A similar result was reported by Marculescu and Stan [39] while pyrolysing the waste originating from poultry slaughterhouses (poultry feathers) over 550 • C. The pyrolytic water yield was reported to be in the range of 11.1-11.3 wt.%. The mass balance calculation was performed by considering the poultry litter as an inlet stream, whereas the outlet stream comprises the non-condensable dry gas, unconverted carbon, and ash (biochar) and condensable hydrocarbons (bio-oil). The dilution effect of fluidising medium was not taken into account. The mass balance closure at 530 • C was 92%.
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Analyses of Pyrolytic Gases
The effect of temperature on the composition of non-condensable pyrolysis gases was investigated. The composition of pyrolytic gases included CO, CO 2 , H 2 , CH 4 , C 2 H 6 , C 2 H 4 , C 3 H 8 , C 3 H 6 and other C 2+ hydrocarbon compounds. Figure 3 presents the weight percentage of each component in the pyrolysis gas (db), where CO 2 , CO and CH 4 were the dominant components. The CO 2 concentration accounted for over 76 and 72 wt.% of the pyrolysis gases evolved at 460 and 530 • C respectively. The total yield of the gaseous species increased with temperature due to the release of volatile matter. The hydrogen yield increased threefold due to the increase in lignin decomposition at higher temperature, whereas CH 4 , C 2 H 4 , and C 3 H 6 yields increased from 0.44 to 0.95, 0.09 to 0.19 and 0.10 to 0.21 wt.%, respectively. A similar trend for hydrogen was observed during the pyrolysis of olive stones at temperatures higher than 500 • C [42] .
The observed increase in the majority of the hydrocarbons was due to the occurrence of secondary reactions such as dehydration, decarboxylation, cellulose, hemicellulose and lignin decomposition as well as protein and fat decomposition at higher temperatures. The increase in CO production could be linked to a secondary tar cracking phenomenon which occurs at higher temperature [22] , whereas methane and other lighter hydrocarbon formation is likely to be linked to the release of a methoxy group involving carbon-carbon bond rupturing. Other light hydrocarbons such as propane (C 3 H 8 ) and propene (C 3 H 6 ) can be found in pyrolysis gaseous product which could be linked to the higher mineral matter content in the feedstock, since inorganic salts are known to have a catalytic effect for secondary cracking of volatiles [43] . Propane gas yield was the lowest in the product gas evolved with a maximum yield of 0.12 wt.% at 530 • C followed by ethylene. The effect of temperature on the composition of non-condensable pyrolysis gases was investigated. The composition of pyrolytic gases included CO, CO2, H2, CH4, C2H6, C2H4, C3H8, C3H6 and other C2+ hydrocarbon compounds. Figure 3 presents the weight percentage of each component in the pyrolysis gas (db), where CO2, CO and CH4 were the dominant components. The CO2 concentration accounted for over 76 and 72 wt.% of the pyrolysis gases evolved at 460 and 530 °C respectively. The total yield of the gaseous species increased with temperature due to the release of volatile matter. The hydrogen yield increased threefold due to the increase in lignin decomposition at higher temperature, whereas CH4, C2H4, and C3H6 yields increased from 0.44 to 0.95, 0.09 to 0.19 and 0.10 to 0.21 wt.%, respectively. A similar trend for hydrogen was observed during the pyrolysis of olive stones at temperatures higher than 500 °C [42] .
The observed increase in the majority of the hydrocarbons was due to the occurrence of secondary reactions such as dehydration, decarboxylation, cellulose, hemicellulose and lignin decomposition as well as protein and fat decomposition at higher temperatures. The increase in CO production could be linked to a secondary tar cracking phenomenon which occurs at higher temperature [22] , whereas methane and other lighter hydrocarbon formation is likely to be linked to the release of a methoxy group involving carbon-carbon bond rupturing. Other light hydrocarbons such as propane (C3H8) and propene (C3H6) can be found in pyrolysis gaseous product which could be linked to the higher mineral matter content in the feedstock, since inorganic salts are known to have a catalytic effect for secondary cracking of volatiles [43] . Propane gas yield was the lowest in the product gas evolved with a maximum yield of 0.12 wt.% at 530 °C followed by ethylene. Table 4 shows the elemental composition and heating value of the biochar produced. The carbon contents in biochar are over 47 wt.%, whereas the carbon content in the feedstock was about 42 wt.%. The measured HHV of the biochar produced at 460 °C was 17.73 MJ/kg, whereas the Table 4 shows the elemental composition and heating value of the biochar produced. The carbon contents in biochar are over 47 wt.%, whereas the carbon content in the feedstock was about 42 wt.%. The measured HHV of the biochar produced at 460 • C was 17.73 MJ/kg, whereas the biochar produced at 530 • C had a comparatively lower calorific value of 15.82 MJ/kg. The heating value of the recovered biochar was slightly lower than the original feedstock. The total carbon concentration in biochar increased with temperature due to the release of volatile matter. The recovery of the carbon in the biochar was around 35.5 wt.% and remained the same for both the temperatures. The biochar yield Sustainability 2019, 11, 2533 9 of 17 reported in this study was~32 wt.% and is in agreement with previous work that concluded that feedstocks with higher ash contents resulted in higher char yield [19] . The ash content in the biochar was relatively high compared to the original feedstock. Ash is an inert material and does not participate in the pyrolysis process and remained in the biochar. The amount of ash in the biochar obtained in this study is in agreement with the values reported elsewhere [19, 44] . The ash recovery or the fraction of ash recovered in the biochar, calculated using the formula proposed by Ghanim et al. [45] , was 89.8 and 93.8% at 460 and 530 • C, respectively. Nitrogen, hydrogen and oxygen contents in the biochar decreased with an increase in pyrolysis temperature, whereas the carbon content showed an opposite behaviour. The decrease in oxygen content in the biochar could be due to the dominant dehydration and decarboxylation reactions at higher temperature.
Biochar Analysis
Both the O/C and H/C atomic ratios of biochar decrease with increasing pyrolysis temperature and are an indication of an increase in energy density and decreased water vapour. A greater decline in the O/C atomic ratio was observed compared to the H/C ratio suggesting that the decarboxylation reactions play a more significant role than dehydration reactions [46] . During the pyrolysis process, the feedstock undergoes thermochemical destruction to produce a superior quality fuel (biochar). According to the Van-Krevelen diagram, the biochar produced in this study was found to be in the hard coal region (H/C range 0.51-0. 42 and O/C range 0.12-0.06). Azargohar et al. [44] reported a similar observation for biochar produced from Canadian biomass waste (agricultural wastes, forest residue and animal manure) at temperatures of 400, 475 and 500 • C.
The elemental compositions of the heavy metals in the biochar are presented in Table 5 . Many of these trace elements are added to the poultry feed not only as essential nutrients but also as a supplement to improve weight gains and feed conversion, preventing mineral deficiencies and diseases and increasing egg production (egg laying chickens). These trace elements end up in the poultry manure (poultry litter) if not fully digested and present as a valuable source of nutrients (N, P and K), secondary nutrients (Ca, Mg and S) and some other trace elements (Cu, Zn and Mo) [47] . The recovery of essential, secondary plant nutrients and other key trace elements are presented in Figure 4 . Phosphorous and potassium recovery were over 75 and 80 wt.%, respectively. The fuel bound chlorine was mostly recovered in biochar (75 wt.%), with the remaining chlorine highly likely to be carried over into the gas phase since chlorine recovery in oil was below 1 wt.%. The nitrogen recovered in the biochar and organic liquid was about 25% and 31%, respectively, at 430 • C, while the remaining nitrogen is believed to be lost in the form of ammonia (NH 3 ). The ash recovery for the pyrolysis temperatures tested ranged from 89.8 to 93.8 wt.%, the findings reported in this study are in agreement with the observation found by Cantrell et al. [8] . 
The recovery of essential, secondary plant nutrients and other key trace elements are presented in Figure 4 . Phosphorous and potassium recovery were over 75 and 80 wt.%, respectively. The fuel bound chlorine was mostly recovered in biochar (75 wt.%), with the remaining chlorine highly likely to be carried over into the gas phase since chlorine recovery in oil was below 1 wt.%. The nitrogen recovered in the biochar and organic liquid was about 25% and 31%, respectively, at 430 °C, while the remaining nitrogen is believed to be lost in the form of ammonia (NH3). The ash recovery for the pyrolysis temperatures tested ranged from 89.8 to 93.8 wt.%, the findings reported in this study are in agreement with the observation found by Cantrell et al. [8] . In view of the increasing cost of fertiliser, poultry litter has the potential to provide on-farm energy and organic nutrients (P, K); however, government subsidies, environmental credits and gate fees may be needed to promote the adoption and integration of these technologies to process poultry litter [48] . Phosphorus, potassium and calcium are considered the main components of typical inorganic fertiliser suggesting that biochar from poultry litter may be a suitable (organic nutrient) alternative agricultural soil conditioner to improve crop production; however, the loss of nitrogen through ammonia during the devolatilisation process is a major issue. The application rate of biochars produced at 450 and 550 • C with and without nitrogen supplementation (100 kg N/ha) was investigated. Even the lowest application rate of biochar without nitrogen supplementation in a hard setting soil resulted in an increased radish yield compared to un-amended soil [49] . An experimental study showed that the nutrients (P, K and Ca) in biochar produced from poultry litter, peanut hulls and pine chips are extractable with a weak acid extractant and are therefore considered to be plant available, whereas N availability from biochar is poor. Therefore, biochars produced from different feedstock may be more suitable as a soil amendment and carbon sequester [50] . Another study investigated the effect of pyrolysis temperature on different feedstocks (vine pruning, poultry litter, orange pomace and seaweed) for solid fuel production and soil amendment. The study concluded that biochars produced at low temperatures from poultry litter and seaweed strongly immobilised the metals within contaminated soil. Moreover, biochars derived from all these feedstocks showed high electrical conductivity which increases soil salinity and had an adverse effect on the plant growth [51] . In addition, prior to classifying or applying biochar produced during the fast pyrolysis of poultry litter as a soil amendment (as it can reduce nutrient run-off), it must be validated against the poultry litter ash protocol that provides the limit of mineral metals. Furthermore, leachate tests need to be performed to improve the understanding of their (alkali and alkaline earth metals) effects on the contamination of surface and groundwater [52] . Although, it is possible to assess the nutrient bioavailability and plant nutrient uptake efficiency using the pot-trial method (utilising the produced biochar). Nevertheless, the variation in both crop nutrition potential and environmental emission assessments from the local soil and climatic conditions are beyond the scope of the reported investigation and is of a matter of further analysis.
Bio-Oil Analysis
The distribution of liquid product is presented in Table 6 . Bio-oil collected from the first cooler and electrostatic precipitator phase separated spontaneously into an aqueous phase on the top and an organic phase at the bottom. Figure 5 shows the chemical composition of the liquid products in the different phases. Water soluble compounds were distributed mainly in the aqueous phase while the organic phase contained both water soluble and water insoluble compound groups. Water insoluble materials are LMW-lignin and HMW-lignin. The water content in the oil phase (Figure 5a ) was around 26 wt.% which could inhibit its ability to ignite and further treatment was needed to make it suitable for use in combustion engines (acceptable limit is 0.5 wt.%). It was evident from Figure 5b that in the aqueous phase, the water content accounted for 69 wt.% while the total amount of organic phase was 48.9 and 49.7 wt.% in the two experiments. Figure 5c shows the distribution of different liquid compounds in a whole product. Table 7 shows the analyses of the physical and chemical properties of the bio-oil (organic phase). With an increase in temperature, a small increase in carbon and nitrogen content is observed, whereas the hydrogen content remained constant for the temperatures studied (Table 7) . A slight increase in calorific value of the fuel was found, whereas a declining trend was observed for oxygen content in the bio-oil, with an increase in temperature. The H/C ratio of the bio-oil was around 1.40, which is comparable with kerosene-based hydrocarbon fossil fuels (in the range of H/C ratio 1.6-2.3) Table 7 shows the analyses of the physical and chemical properties of the bio-oil (organic phase). With an increase in temperature, a small increase in carbon and nitrogen content is observed, whereas the hydrogen content remained constant for the temperatures studied (Table 7) . A slight increase in calorific value of the fuel was found, whereas a declining trend was observed for oxygen content in the bio-oil, with an increase in temperature. The H/C ratio of the bio-oil was around 1.40, which is comparable with kerosene-based hydrocarbon fossil fuels (in the range of H/C ratio 1.6-2.3) [53] . However, the O/C ratio (0.20) was slightly higher than the conventional heavy oil (O/C ratio around 0.18) [54] . The high oxygen content in bio-oil was directly correlated with the decrease in calorific value. Therefore, upgrading techniques such as hydro treatment are required to decrease the oxygen content as well as to adjust the H/C ratio [44] . Comparative analyses of the bio-oil produced from the poultry litter and wood is presented in Table 7 . It can be seen from Table 7 that the bio-oil produced from the poultry litter had a significantly higher nitrogen content compared to oil produced from the wood. The higher nitrogen content was directly related to the higher concentration of indigenous nitrogen in the feedstock. Total acid number (TAN) is used to quantify the acid concentration in an oil as well as acting as a guide in the quality control of lubricating oils and is expressed in mg of KOH/g of samples. Total acid number for compressor and turbine oils are usually between 0.01-0.25, aviation turbine fuels 0-0.10 and lubricant additives 20-200 mg KOH/g. As per the European Standard for Biodiesel (EN 14,214:2012) [55], the acid number of bio-diesel must not exceed 0.5 mg of KOH/g. Therefore, the bio-oil was not suitable for use in diesel engines without modifications. Therefore, considering the acid number of the bio-oil produced from poultry litter, it could potentially be used as a lubricant additive [56] . The HHV of the bio-oil in the oil phase was around 32 MJ/kg, almost two-thirds of that of petroleum fuels. The bio-oil from poultry litter had a higher heating value compared to pyrolytic oil obtained from other biomass sources, which are typically reported to be in the range of 40-45% of petroleum fuel [57] . The heating value of the bio-oil from poultry litter was~150% higher than that from wood fast pyrolysis oil. The measurements presented in Table 7 confirm that higher oxygen content (~15% in bio-oil produced from poultry litter and 40% in wood oil) in the bio-oil was inversely proportional to the calorific value of the bio-oil.
The amount of trace elements that remained in the bio-oil is quantified and presented in Table 8 . Utilisation of fast pyrolysis bio-oil in both internal and external combustion engines has been reviewed for power generation [58] . Since the oil is acidic and contains water its utilisation in internal combustion engines could pose a threat of corrosion to engine parts and ignition problem. Pyrolysis oil has been used in a single-cylinder diesel engine for combined heat and power application. Although pyrolytic oil fuelling leads to lower NO x emissions, nevertheless, considering the acidic nature of the oil, a completely modified fuel injection system was recommended [59] . The total amount of inorganic trace elements (ash) in the produced bio-oil from poultry litter accounted for over 0.32 wt.%, whereas according to the European Standard for Biodiesel [55] , ash content in the biofuels has to be lower than 0.02 wt.%. It has also been reported that the presence of ash in bio-oil could cause erosion, corrosion and kicking phenomena in engine systems [60] . 
It is evident from Table 8 that the concentration of sulphur is higher in the bio-oil produced from poultry litter which is directly correlated with sulphur content in the feedstock. The high sulphur content in bio-oil could result in higher sulphur-containing constituents (K 2 SO 4 , CaSO 4 and SO x , etc.) that can be attributed to oxidation of sulphur in bio-oil. Additionally, alkali sulphur and chlorine can vaporise and condense on cold surfaces. Elements such as Si, Fe, Cu, Al, Cr, Mo, etc., could cause wear to engine components. Miles and co-authors [61] have suggested that the mixture of potassium oxide and silica constitutes the bulk of ash in biofuels. Solid residue in bio-oil leads to coking issues in the engine injectors and erosion with increased amounts of high particulate matter emissions. In addition, the interaction of alkali and alkali earth metal could cause hot corrosion problems in combustion systems. Sodium, potassium and vanadium could be responsible for high temperature corrosion and deposition in the combustion engine [60] . Further investigation also reveals that inherent alkali and alkaline earth metal species promote thermal decomposition of heavier aromatics on biomass pyrolysis [62] . Since the bio-oil produced from the poultry litter fast pyrolysis process exceeds the upper acceptable limit set by the European standard for biodiesel, it cannot be used in its present form as an alternative fuel in internal combustion engines. Therefore, considering high acid value, high water and ash contents in the produced bio-oil from poultry litter, further upgrading of bio-oil properties is required either through high temperature conversion or catalytic reforming before these biofuels can be utilised in internal combustion engines [63] .
Conclusions
Fast pyrolysis of poultry litter was experimentally studied at two different temperatures (460 and 530 • C) in a bubbling fluidised bed reactor. The effect of reactor temperature on product gas, bio-oil and biochar were studied. The maximum organic bio-oil (27.62 wt.%) and pyrolytic gas yield (~22 wt.%) were obtained at 530 • C with CO 2 , CO and CH 4 as the main gas products, whereas the maximum biochar yield was obtained at 460 • C. Owing to high ash content in poultry litter, biochar yield was comparatively higher than the bio-oil yield. Nevertheless, bio-oil from fast pyrolysis of poultry litter gave a 50% higher HHV compared to the oil produced from wood. The bio-oil produced was further characterised using elemental and ICP analyses. The ICP showed the presence of S, K, P, Si, Mg, and Ca and Fe were also detected in the liquid products. Therefore, further thermal and/or catalytic treatment is required before the bio-oil can be utilised in downstream application for heat and power generation. Most of the heavy metals and trace elements present in poultry litter were retained in the biochar including non-volatile minerals P and K. The retention of the non-volatile minerals (alkali and alkaline earth metals) in the biochar emphasises that the manure-derived biochar could be used in agriculture systems, but the concentration of trace elements may restrict its use. Therefore, before applying these biochars as a soil amendment, an exhaustive investigation is needed to assess their impact on ground water (leaching), soil conditions and on pot-plant growth. The carbon content in the biochar collected from the cyclone was in the range of 47-48.5 wt.% (db) with a lower concentration of hydrogen. The increase in pyrolysis temperature showed an increase of ash content and slight decrease in H, N and O contents in biochar.
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